Efficient, fast and accurate heat transfer units design is currently a 'hot topic' due to the demand for more approachable and high-performance-ability materials. This is usually performed by the prediction of physical properties coupled with sufficient structure searching (for example with genetic algorithm). Ionic liquids have been found to be prospective replacement materials in this case; however, the predictive capabilities of existing models still remain poor which affects their practical application significantly. It has also been observed that for some quaternary-phosphonium based carboxylate ILs, the models fail, particularly, for thermal conductivity and heat capacity predictions. The impact of electronic structure on the heat capacity was confirmed by DFT calculations, and this was also included in further refinement. The aim of this work is to assess the predictive capabilities of existing models for thermal conductivity and heat capacity, with further improvements based on more accurate investigated structure characterization (DFT) and reparameterization (group contribution methodology). The ILs chosen for the initial study are trihexyl(tetradecyl)phosphonium-based carboxylate derivatives.
Introduction
Heat transfer fluids (HTFs) are important in the process and energy industries where efficient usage and transfer of energy in the form of heat is critical in the overall process design of the system. There are increasingly high requirements being placed on HTFs which include their price, stability and performance. Ionic liquids (ILs) have been proposed as alternatives to the conventionally HTFs, such as water, ethylene glycol and silicone oil, due to their unique physical properties [1] [2] [3] . Briefly, ILs are task specific tunable compounds with unique properties, namely low freezing point, wide liquid range, non-flammability or very low vapor pressure [4] , which are strongly dependent on the combination of selected anion and cation that determine, for example, their degree of ionicity and interactions in solution [5] [6] [7] . To date, their thermophysical properties have been extensively investigated to assess their real potential in a given process design [8, 9] . However, to examine the viability of whether IL based-HTFs can be used in a specific application, their thermophysical properties, especially thermal conductivity, heat capacity, density and viscosity, must be accurately determined to allow a better understanding of their structure-properties relationships. In the case of ILs, due to the large number of possible ion combinations and with a goal of reducing the compositional space to be studied experimentally, predictive models have been developed and tested against experimentally determined data [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] .
Many of these models have been based on those originally applied to molecular solvents using group contribution methods or equation of state relationships [26] [27] [28] [29] [30] .
Many models, based on group contribution methods, artificial neural networks, or genetic algorithm, have been proposed for the predictions of the ILs thermal conductivity, to date [10, 11, 13, 15, 16, 18, 20, 25, 31] . It is worth noting that the terms 'correlative' and 'predictive' are often wrongly used in a interchangeably manner. The correlative models are thought to be fully based on experimental data (such as viscosity, density or melting point).
Meanwhile, the predictive models are usually related to equation-of-state-like methodologies.
The third group, evaluative methodologies, are usually assessed with group contribution methods [32] . As well as temperature and compositional effects, a number of studies have included pressure as an input parameter, however, the availability of those data is extremely limited so the errors are potentially large in predicting the IL properties [10, 15, 16, 18] .
The predictive models of heat capacity can be divided into two groups: the Meccano and the Lego approaches. The Meccano approach uses large functional groups (usually whole ions) while the Lego approach divides the structure of compounds into smaller functional groups, similar to those in traditional group contribution methods. Most of them are based on group contribution methods [12, 14, 17, 19, 23, 24, 33] .
In terms of predictive models, Valderrama's critical parameters for ILs have been used to model their physical properties; however, the critical properties cannot be visualised experimentally as many ILs decompose before their evaporation (boiling point) [21, 34, 35] , which is a major drawback in the validation of the properties. Although they have been applied to predict physiochemical properties of the ILs; moreover, as was shown by Valderrama et al. (2015) , deviations for high molecular mass ILs are observed in comparison to simple hydrocarbons and their critical properties [22] .
Besides the critical properties and the lack of ability of the current models to introduce the contribution of the molecular mass in the prediction of properties, Wu et al. (2013) found another issue in the -CH 2 -group characterization of phosphonium-and ammonium-based ILs in the prediction of thermal conductivity [25] . This was related to different charge environment in these groups of compounds and in comparison to imidazolium-, pyridinium-or pyrrolidinium-based ILs, the group contribution parameters impact differs. Wu et al. (2013) overcame this problem by using three different -CH 2 -group parameters in term to type of compound: ammonium, phosphonium or others (imidazolium, pyrrolidinium, pyridinium, etc.) [25] .
Based on these above-mentioned observations, the first part of this work is devoted on the truly assessment of the accuracy of existing theoretical models for the evaluation of the thermal conductivity and heat capacity of a range of selected tetraalkyl phosphonium based ILs as a function of temperature. The selected ILs for this study are based on the trihexyl(tetradecyl)phosphonium cation, [P 14,6,6,6 [36] [37] [38] . In the light of such analysis, quantum chemical calculations (DFT) were then used to examine the charge distribution of classical ions used to design ILs to drive a more rigorous group contribution parameterisation to further improve the accuracy of such existing models.
The models chosen for the further improvement are Wu et al. and Ge-Nancarrow in case of thermal conductivity and heat capacity, respectively. The choice was dictated by the fact of their simplicity to use and further development which means that the limitations related to them are minimized.
Calculations
To predict the thermal conductivity Wu model was used, defined by the following equation [25] :
where a i , ∆λ 0,j and k 0 are parameters [25] , n j is the number of j group in the molecule, and:
where T c is so-called critical temperature and T b is the boiling temperature. In this case, Valerrama's critical and boiling temperature are used; ∆T b and ∆T c are the contributions to the boiling and critical temperature, respectively [21, 22, 35] . 
where ω is the acentric factor and A Cp , B Cp , C Cp , D Cp are the group contribution parameters, R is the gas constant (8.314 J mol
), and p c is the critical pressure, in this case Valderrama's critical pressure [14, 17] :
The quantum chemical calculations were performed in Gaussian 09W-A02 software.
The structure optimization was carried out using ground state density functional theory (DFT) level of theory, B3LYP hybrid functional, DGTZVP basis set [39] [40] [41] . In the next step, the Mulliken charge distribution was determined to assess the charge distribution of each selected species [42, 43] .
To check how reliable the predicted values are, the relative deviation (RD) and average absolute relative deviation (AARD) were calculated as follows: 
where k is the total number of data points, x calc,i and x exp,i are the calculated and experimental data points (heat capacity or thermal conductivity), respectively.
The group contribution coefficients re-optimization of models was performed in Microsoft Excel using the Solver add-in, and generalized reduced gradient (GRG) nonlinear optimization method (minimization of AARD as set objective up to 10 consistent iterations with central derivatives, constraints precision of 10 -6 , and convergence of 10 -6 ).
The structures of all the ILs used for initial access of models are shown in Figure 1 . 
Results

Quantumchemical calculations
To fully reflect the group contribution methodology, the exact structure of investigated compounds must be known. In the case of simple organic compounds (i.e.
carbohydrates, alcohols, organic acids, etc.), the charge can be successfully neglected as its impact is negligible [44] [45] [46] [47] , as a result of them acting as van der Waals liquids. However, ILs are known for the many types of interactions occurring between the constituents [48, 49] .
For this reason, the charge distribution is an important factor which must be considered when developing the group contribution methods. Wu et al. (2013) have already included this effect by dividing the parameters in term of cation type [25] . Furthermore, following the works of Benson and Buss (1958) [50] , and Joback (1984) [51] in which the group contribution methodology was proposed to be used for heat capacity predictions of molecular solvents, Ge et al. (2008) used this model to predict the heat capacity of ionic liquids [14] , Nancarrow et al. (2015) added reoptimized and new groups to the model [17] . As can be noted, none of the model included the charge localization on the molecule, nor the type of cation/anion. It seems to be essential to reconsider this model in order to introduce additional parameters describing the charge distribution on charged species like IL ions.
For this purpose, the calculated Mulliken charges on each atom were used for all selected ions. The comparison of the ILs cations and anions with a van der Waals molecule, hexane, was undertaken due to its entire neutral charge character. It can be seen that hexane can be divided into two regions ( Figure 2) ; the first consists of -CH 3 
Figure 4
The structures of considered anions with calculated Mulliken charges.
The above considerations allow new groups to be defined which include the charge distribution. These can be characterised as (i) van der Waals-like, N-based, P-based and anion-based CH 3 group; (ii) van der Waals-like, N-based, P-based and anion-based CH 2 group; (iii) neutral, cation-based and anion-based >N-group; (iv) cation-based and anionbased -P group. The first 3 bound carbon groups to the charged centre (both positively and negatively) are divided in terms of N-based, P-based cations, and anions. 
Thermal conductivity
As an input to test the available models predictive capabilities, a series of trihexyl(tetredacyl)phosphonium acetate [P 14, 6, 6, 6 [52] . Regarding the elementary relationship between molar mass of compounds and thermal conductivity [53] , the discrepancy which can be found in ILs influences significantly the ability to predict the thermal conductivity coefficient. This error may be the result of strong cation-anion Coulombic interactions [25, 42, 48] . Moreover, the contribution of hydrogen bonding, as well as van der Waals interactions are not negligible as ILs can form a large variety of these interactions as reported by Hunt et al. (2015) [48] . On the other hand, it was shown in other reports devoted to the predictions that ILs with high molecular mass can deviate from theoretical properties and correction factors are necessary [22] .
The predicted values of thermal conductivity for all the ionic liquids studied are summarised in Table S1 . Figure 6 shows the experimental data as well as the modelled data as a function of temperature, before and after the optimization. To assess the quality of predictions (in comparison to experimental data), relative deviation (RD) were calculated ( Figure 7) . Their values were collected in Table S1 , and average absolute relative deviation (AARD) in Table 1 .
Figure 6
Thermal conductivity as a function of the temperature for:
-experimental data of [P 14, 6, 6, 6 ILs. Nevertheless, the measurement uncertainty reported in the literature was observed to reach values up to 9% [52, 54] . As can be seen, the AARDs are highly deviated when compared to the uncertainty of the measurement (before optimization). The maximum RD was found as -19.54 % for [P 14, 6, 6, 6 ] [DecO] at 278.50 K (Table S1 and Figure 7 ). The smallest RD was found as -14.17 % for [P 14, 6, 6, 6 ] [ButO] at 357.40 K for the Wu model. As can be seen, the maximum RD was found for the lowest temperature (~278 K), however, the model included no data at these temperatures.
Another important relationship can be found for deviations between calculated and experimental results as a function of temperature ( Group contribution methods are known for their simplicity to improve them and implement more data [55, 56] . The only model which was discussed and fully based on this approach is Wu model. All data used to improve the Wu model are summarized in Table 2 .
phosphonium-and -ammonium cations. Overall 399 data points were used in the temperature range of (273.15 -390) K. Moreover, 9 ILs with molecular mass higher than 500 g mol -1 were used, and their critical parameters were calculated based on the methods proposed by Valderrama et al. (2015) [21] . As the thermal conductivity is a transport property, it seems to be reasonable to include the mass connectivity index and describe the connection between cation and anion. [25] . The AARD of the model using the database from this work is 6.80 %. The results were also shown in Figure 9 , including models before and after optimization. When the uncertainty of the method is taken into account, it can be assumed that the values produced by this method after optimization are satisfactory. Only eight points were out of this range which is only 2 % of all database. The new group contribution model coefficients are reported in Table 3 . The database used together with the calculations applied is included as a Microsoft Excel file in the supplementary information. 
Heat capacity
As discussed above, the P + /N + centres lead to significant differences in the charge distribution on the bound alkyl chain. For this reason, the charge effect was included in the structure characterization for heat capacity prediction to correctly reproduce the group contribution methodology.
The results of heat capacity prediction are summarised in Table S2 , and presented in Figure 10 . The Ge-Nancarrow model does not include any information about connections but divides the structure into characteristic groups (as group contribution methods) for both cation and anion without distinction on the charge type or place on the molecule, as in Joback method. As can be seen, the predicted values have increasingly large deviations from the experimental data with increasing the anion chain length using the model. It is expected that the heat capacity increases with anion chain length which is observed in the experimental and predicted data. The calculated overall AARD is 2.14%. The maximum determined RD is - Figure 11 . The AARD values are reported in Table   4 . As can be seen, the Ge-Nancarrow model estimated the AARD values of heat capacity below 5 % for all ILs. The uncertainty of the experimental measurements of heat capacity have been reported to be higher than 10 % in some works but [65] [66] [67] , more commonly, are up to 3 % [68] [69] [70] . Thus, the capability of well-working model is assessed as the AARD below 3 %.
Figure 10
Heat capacity as a function of the temperature for:
-experimental data of [P 14, 6, 6, 6 an exception. The heat capacity as a function of anion chain length is presented in Figure 12 .
The heat capacity depends almost linearly with the anion chain length and a similar dependence was found for the model before and after optimization. Otherwise, a deviation can be easily observed and may be originated from small amount of data for carboxylate anions used to establish the parameters. The summary of data sets used for the improvement are reported in Table 5 . 3646 data points from 103 ILs were used in the temperature range of (190 -520) K, including those based on imidazolium, pyrrolidinium, pyridinium, phosphonium, ammonium cations.
While in the original Ge-Nancarrow model 2642 data points from 96 ILs were used. The described method including the charge distribution was applied in the present work. The availability of heat capacity data in the literature is well-developed, however, different qualities can be observed with very distinctive deviations. The purity (particularly the water content), purity assessment, measurement methodology or measurement uncertainty were taken into account. Similar approach was used as in Nancarrow et al. (2015) to reduce the impact of one IL's data into the modelling [17] . For example, a large number of data points 6 ] originated from one source [71] . Thus, the data sets were selected to consist of no more than 5 % of the total number of data points utilised. Similar data discrimination process was used as for the thermal conductivity model optimisation, herein, and in the study by Nancarrow et al. (2015) .
AARD values of the model after optimization are reported in Table 4 . It was possible to achieve AARD lower than 2 %, with a maximum of 1.70 % for [P 14, 6, 6, 6 ][DecO]. The overall AARD including all data points is 4.28 % which indicates a high prediction ability, in comparison to the measurement uncertainty. Ge-Nancarrow et al. (2015) reported an overall AARD of 6.27 % (using the original database) or 12.57 % using the database in this work.
Significantly high deviations were observed for 1-ethyl-3-methylimidazolium thiocyanate
, tributylmethylammonium L-lysinate [63] . This may be caused by the measurement error. The results from the Ge-Nancarrow model before (using the dataset in this work) and after optimization are shown in Figure 13 . The original and new model parameters are reported in Table 6 . Nevertheless, the prediction for [P 14, 6, 6, 6 ] [RO] is better after reoptimization (Figure 12) , it is still out of the uncertainty range. However, the general prediction capability is better for all data. Table 6 Original and new parameters for equation (14) in the Ge-Nancarrow model for heat capacity. 
Conclusions
The prediction of thermophysical properties may lead to a significant reduction in the time and efficiency for designing heat transfer processes using ionic liquids as HTFs.
However, robust models must be developed, in the meaning of accurate prediction in case of all type of ILs. Together with the development of these models, they should be checked with experimental data not included in the original model formulation. As presented, herein, very low deviations reported by the authors of models do not necessarily lead to good prediction for ionic liquids. This may be due to the range of interactions which are present in the ionic liquids. Unfortunately, it was found in this study that there is no reliable existing models for thermal conductivity and heat capacity which are able to predict these values with high accuracy or in good correlation to the experimental data for a range of tetraalkyl phosphonium carboxylate ionic liquids. Thus, the models for heat capacity and thermal conductivity were improved and the achieved results provide a better predictive capability for ILs. This model development included a novel approach to include the impact of cation core atom on the structure and physical properties of the ionic liquids and was included in the model with proper corrections.
